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ABSTRACT: The continuous emanation of radon due to trace amounts of uranium and thorium in
detector materials introduces radon to the active detection volume of low-background rare event
search detectors. 222Rn produces as a particularly problematic background in the physics region of
interest by the “naked” beta decay of its 214Pb daughter nucleus. While charcoal-based adsorption
traps are expected to be effective for radon reduction in auxiliary circulation loops that service the
warm components of current generation 2 (G2) detectors at slow flow rates (0.5−2 SLPM), radon
reduction in the entire circulation loop at high flow rates (O(100’s) SLPM) is necessary to reach
high sensitivity in future generation experiments. In this article we explore radon dynamics with
a charcoal-based radon reduction system in the main circulation loop of time projection chamber
detectors. We find that even for perfect radon traps, circulation speeds of 2,000 SLPM are needed
to reduce radon concentration in a 10 ton detector by 90%. This is faster by a factor of four than
the highest circulation speeds currently achieved in dark matter detectors. We further find that the
effectiveness of vacuum swing adsorption systems, which have been employed very successfully
at reducing atmospheric radon levels in clean-rooms, is limited by the intrinsic radon activity of
the charcoal adsorbent in ultra-low radon environments. Adsorbents with about ten times lower
intrinsic radon activity than in currently available activated charcoals would be necessary to build
effective vacuum swing adsorption systems operated at room temperature for rare event search
experiments. If such VSA systems are cooled to about 190K, this factor drops from 10 to about
2.5. This may be in reach by the time future generation experiments can be realized.
KEYWORDS: Dark Matter detectors; Time Projection Chambers; Noble liquid detectors, Liquid
xenon target.
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1. Introduction
Radon is a radioactive noble gas that is re-supplied continuously from the decay chains of uranium
and thorium present in practically every material of rare event detectors, and constitutes the domi-
nant background source in many dark matter searches. Because radon is an inert gas, it dissolves
in noble liquid detectors and cannot be removed with high temperature getters. Among the radon
isotopes abundant in nature, 222Rn (τ = 5.516 days), a progeny of 238U, is of particular concern.
The beta decay of its daughter 214Pb to the ground state of 214Bi (6% b.r.) emits no gammas.
This “naked” beta decay can end up in the low-energy region of interest for dark matter searches,
survive the nuclear recoil discrimination cut, and be indistinguishable from low-energy nuclear re-
coils of rare particle interactions in the active volume of the detector. Discriminating against such
background events is very challenging in the analysis.
Hardware mitigation is necessary to reduce the continuously re-supplied radon background
for ton scale and larger noble-liquid rare event searches, including dark matter direct-detection
experiments. LZ1 is one G2 dark matter experiment [1] that addresses this need by introducing an
in-line radon reduction system (iRRS) in an auxiliary circulation loop [2]. XENONnT is a different
G2 dark matter experiment that employs inline distillation columns to address this need [3]. The
1For illustration purposes we will occasionally refer to the LZ experiment, which is a generation 2, or G2, experiment
with a detector mass of about 10 tons of LXe. Note, however, that the general arguments are not limited to one specific
dark matter effort.
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LZ iRRS, which is based on a single adsorption trap, takes in a small stream (0.5− 1 SLPM) of
radon-rich gaseous xenon from the warm regions of the xenon gas circulation system, and returns
the radon-reduced xenon back to the main circulation loop. While it is expected of reducing an
estimated O(20) mBq radon burden from the warm regions to below 1 mBq, it does not have the
capacity to purify the entire 10 tons of liquid xenon.
For radon reduction of the entire system, rather than a few select areas, an iRRS in the main
xenon circulation loop becomes necessary. This requires a larger trap (i.e. more adsorbent) to
accommodate the much higher flow rates needed for purifying multi-ton dark matter detectors. As
explored in Sec. 3, scaling up charcoal based single-trap radon reduction systems for multi-ton
time projection chambers (TPCs) is impossible given the intrinsic radon emanation of currently-
available charcoals, and impractical even if radon emanation were negligible.
Pressure swing adsorption (PSA) systems have been shown to be very effective at reducing at-
mospheric radon levels in clean-rooms [4]. PSA systems can generally be multi-trap, but are com-
monly employed as two-trap systems where the main flow of the carrier gas is alternated between
the two charcoal columns allowing one column to be filled while the other is purged. Pioneer-
ing the development of PSA technology for radon reduced clean rooms, vacuum swing adsorption
(VSA) systems (where the purge is at sub-atmospheric pressures) have demonstrated radon reduc-
tion efficacy of 99.7% in air at flow rates as high as 2,000 SLPM [4, 5, 6]. Section 4 explores the
effectiveness of a swing adsorption system suitable for noble liquid detectors that are operated at
room temperature or cooled to almost noble liquid temperature. The figures and simulations in this
work are available from a public Gitlab repository [7].
2. Radon Dynamics in a TPC Dark Matter Detector
A schematic diagram of radon dynamics in a TPC detector with a RRS in the main circulation path
is represented in Fig. (1). For a total radon emanation rate S in the detector, the rate of change of
the number of radon atoms in the detector, N, is given by
dN
dt
=−λN−FN +S+ r(FN), (2.1)
where dNdecay/dt = −λN is the radon decay rate in the TPC with decay constant λ = 1/τ; and
dNout f low/dt =−FN is the rate of radon atoms flowing out of the TPC set by the volume exchange
time T of the entire detector mass, with T = 1/F ; and r(FN) is the inflow of radon atoms that es-
cape the RRS, with r = Nout/Nin being the fraction of radon atoms escaping the RRS. For simplicity
we exclude radon sources within the circulation path.
Rearranging Eq. (2.1) leads to
dN
dt
=−(λ +F(1− r))N +S =−ΛN +S, (2.2)
which can be solved to find the total number or radon atoms
N(t) =−Ce−Λt + S
Λ
, (2.3)
where Λ= λ+F(1−r) is assumed to be constant. In Eq. (2.3), C is an integration constant defined
by the initial conditions. Since we are interested in the number of radon atoms in the TPC when
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Figure 1. Schematic diagram of radon dynamics in the active volume of a dark matter detector (TPC) with a
radon reduction system (RRS) in the main circulation path. Note that FN is the rate of radon atoms flowing
out of the TPC; S is the radon activity in the detector; N is the number of radon atoms in the detector; and r
is the fraction of radon atoms escaping the RRS.
equilibrium is reached, we can take the limit t → ∞ to obtain the steady state number of radon
atoms
Nss =
S
Λ
=
S
λ +F(1− r) =
S
λ +FεRRS
. (2.4)
where εRRS = 1−Nout/Nin, defined as the efficacy of a RRS, is a parameter that refers to the
effective performance of the trap. It encapsulates both the reduction of external radon introduced
to inlet of the trap, and radon emanation from the trap due to its intrinsic activity. It describes the
net fraction of radon atoms removed by the trap, such that a fraction of 1 indicates a perfect trap,
ie. no radon atoms emerge from the trap; a fraction of 0 indicates an ineffectual trap, ie. the same
number of radon atoms enter and exit the trap; and a trap which adds more radon atoms than it
removes will have a negative εRRS. The number of radon atoms exiting the trap is thus given by
Nout = (1−η)Nin +Ntrap, (2.5)
where η is the remanent fraction of the trap, which refers to the fraction of trapped inlet radon
atoms, and Ntrap is the contribution to the trap output due to radon emanation of the trap. Combin-
ing Eq. 2.5 with the definition of efficacy leads to
εRRS = η−Ntrap/Nin. (2.6)
This will be explored in greater detail in Secs. 3 and 4.
If there is no circulation at all, there will be no radon reduction. This would result in the
highest possible steady state radon count in the detector,
Nmax =
S
λ
. (2.7)
The fractional radon reduction with a RRS is expressed by the ratio of Eqs. (2.4) and (2.7), such
that
Nss
Nmax
=
S
λ+εRRSF
S
λ
=
λ
λ + εRRSF
=
1
τ
1
τ +
εRRS
T
=
T
εRRSτ+T
. (2.8)
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Hence, radon reduction efficacy with a RRS in the main circulation loop of the detector, defined as
εDet = 1−Nss/Nmax, is given by
εDet = 1− NssNmax =
τ
τ+T/εRRS
. (2.9)
For a perfect radon reduction system (εRRS = 1), the highest achievable radon reduction efficacy
becomes
(εDet)max =
τ
τ+T
. (2.10)
This means that the maximum achievable radon reduction is ultimately limited by the main circu-
lation flow rate of the detector. For LZ, with its f = 500 SLPM carrier gas flow rate resulting in a
turnaround time2 of about T = 2.4 days, and given the radon lifetime of τ = 5.516 days, at most a
70% radon reduction efficacy (i.e. a radon reduction factor of 3.3) can be achieved.
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Figure 2. Left panel: maximum achievable radon reduction with a perfect radon trap in the main circulation
loop for a 10-ton detector as a function of the circulation flow rate. The red dashed lines indicate the best
radon efficacy achievable for the conditions at LZ. Right panel: The same data expressed in terms of the
reduction factor, which has a linear relationship with the flow rate. The red dashed lines here represent the
flow rate required to achieve a factor of ten reduction in radon activity.
Figure (2) shows the maximum achievable radon reduction in a TPC detector as a function of
the carrier gas circulation flow rate with a perfect radon reduction system in the main circulation
path of a 10-ton detector. The right panel of Fig. (2) demonstrates that in order to reach radon
reduction close to 90%, flow rates of over 2,000 SLPM are necessary. For such high flow rates it
is very challenging if not impossible with current technology to use high-temperature getters for
gas purification. Purification in the liquid phase using getters, operated at cryogenic temperatures,
would have to be employed similar to what has been done in very large argon TPC experiments
such as ICARUS[8].
3. Performance of a Single-Trap RRS
Radon reduction in the single-trap RRS approach is accomplished by maintaining radon break-
through times that are long enough such that the vast majority of the radon atoms entering the trap
2The turnaround time is given by T = M/( fρ), where f is the carrier gas flow rate, M is the total carrier gas mass,
and ρ is the carrier gas density.
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decay, while the carrier gas quickly traverses the trap. The breakthrough time of a radon atom in a
charcoal trap, tb, defined by the chromatographic plate adsorption model, is given by
tb =
mka
f
, (3.1)
where m is the charcoal mass, ka is the dynamic adsorption coefficient of radon on charcoal in a
carrier gas, and f is the volumetric flow rate of the carrier gas. This is an example of gas chro-
matography where one takes advantage of the different propagation speeds for radon and the carrier
gas in the charcoal trap. The propagation speeds can vary by several orders of magnitude, partic-
ularly at cryogenic temperatures, where a ratio of vXe/vRn = 1,000 has been reported [9]. If the
trap is big enough, so that radon needs a few lifetimes to reemerge on the other side of the trap, the
overall radon concentration in the carrier gas is reduced accordingly.
For an ideal trap, i.e. a trap with negligible intrinsic activity, with a breakthrough time tb,
radon reduction is given by an exponential decay law as
Nout = Nine−
tb
τ = Nine
−mkaτ f = Nine−
m
µ , (3.2)
where Nin is the number of radon atoms that enter the trap and Nout is the number of radon atoms
that emerge from the trap, and µ = f τ/ka represents the characteristic mass of the trap, which
is the mass of charcoal, at a given flow rate, needed to reduce radon activity by a factor of e.
Equation (3.2) can also be expressed in terms of input activity Ain and output activity Aout , since
A = N/τ , so that
Aout = Aine−
tb
τ = Aine
−mkaτ f = Aine−
m
µ . (3.3)
The amount of charcoal necessary for an ideal trap to achieve 90% efficacy as a function of flow
rate of the carrier gas is shown in Fig. (3).
LZ
Figure 3. The amount of charcoal needed for 90% efficacy as a function of carrier gas flow rate for a single-
trap RRS with zero intrinsic radon activity. The blue dashed line is at 190 K (ka = 3,000 l/kg), and the orange
solid line is at room temperature, 295 K (ka = 500 l/kg). The dashed red line indicates the 500 SLPM carrier
gas circulation flow rate in LZ.
The figure demonstrates that at the 500 SLPM nominal LZ circulation flow rate, it would take
about 3,000kg of charcoal at 190K and 20,000kg at 295K to achieve a 90% radon reduction. A
3,000kg cold trap of charcoal with a density of about 0.6g/cm3 would occupy a volume of roughly
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5m3, and adsorb almost 5,000kg of xenon [2]. Thus, scaling of single-traps to sustain the high flow
rates needed for multi-ton dark matter experiments is not a viable option, not even for ideal traps.
At the time of writing this article, the lowest achievable intrinsic activity for commercially
available synthetic activated charcoal was O(0.5mBq/kg) [2]. Considering that the desired radon
activity after radon reduction is less than 2 mBq for the total 10 tons of xenon, the intrinsic radon
activity of the charcoal cannot be ignored.
For a realistic trap, charcoal has intrinsic activity that contributes radon atoms to the output
of the trap. Intrinsic activity of a charcoal is typically given by its specific activity so in units of
mBq/kg. For a charcoal trap of mass m with specific activity so, the total radon activity of the trap
will be mso (i.e. the number of radon atoms emanating from the total charcoal mass per second).
Note that not all of the emanated radon atoms escape the trap — some of them decay in the trap.
For a charcoal trap of a mass M (M = vRntb), assuming uniform radon emanation over the entire
trap, the radon activity of a charcoal slice with length dm between m and m+dm can be expressed
as
sodm =
Aem
M
dm = Aem
dm
M
= Aem
vRndt
vRntb
= Aem
dt
tb
, (3.4)
where Aem = soM is the total activity of a charcoal with specific activity so and mass M, and dt is
given by dt = dm/vRn. The radon contribution at the output of the trap from a such infinitesimal
slice is given by
dAtrap =
Aem
tb
e−
t
τ dt. (3.5)
Integrating Eq. 3.5 over the entire trap length gives the total radon contribution of the trap,
Atrap =
som
tb
∫ tb
0
e−
t
τ dt = som
τ
tb
(
1− e− tbτ
)
= so f
τ
ka
(
1− e−mkaτ f
)
. (3.6)
Combining Eqs. (3.3) and (3.6), the activity at the output of a single charcoal trap can be expressed
as
Aout = Aine
−mkaf τ + so f
τ
ka
(
1− e−mkaf τ
)
. (3.7a)
This can be rewritten as
Aout = Aine
−mµ + soµ
(
1− e−mµ
)
. (3.7b)
Note that for sufficiently large traps, where m µ , the lowest achievable radon activity at the
output of the trap is given by Aout ≈ soµ , and thus depends on the specific activity but not on
the total mass of the charcoal. The temperature dependence of the characteristic mass, µ , which
scales linearly with the volumetric flow rate of the carrier gas through the trap, is manifested in the
temperature dependence of the adsorption coefficient ka. For the charcoal used in the LZ iRRS [2],
the adsorption coefficient increases from 500 l/kg to 3,000 l/kg as the temperature falls from 295K
to 190K. This motivated the choice of the operational temperature of the LZ iRRS at 190K, slightly
above the liquefaction temperature of xenon.
Radon reduction systems based on a single-trap at cryogenic temperatures as low as 190K
are very effective at flow rates of 0.5−1 SLPM, and require relatively small amounts of charcoal.
The LZ experiment utilizes such an approach to reduce by more than 90% the radon contribution
from the warm parts of the detector with a 10kg trap made of Saratech [2] synthetic charcoal. In
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the remainder of this section, the performance of a single-trap RRS is explored in terms of RRS
efficacy, which encapsulates both, the reduction of the inlet activity, as well as the contribution
from the intrinsic activity of the charcoal.
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Figure 4. Left panel: efficacy of a 10kg charcoal single trap with dynamic adsorption coefficient of ka =
3,000 l/kg (at 190K), total inlet radon activity of Ain = 20mBq as a function of the flow rate of the carrier
gas for a various intrinsic radon activities so. Right panel: zooms in to flow rates below 3 SLPM. The
solid red curve corresponds to specific radon activity of the charcoal used in the LZ iRRS, which is the best
commercially affordable candidate.
The efficacy of a 10kg charcoal trap is about 90% or higher for flow rates below 1 SLPM in
the range of 0− 1.0mBq/kg specific activities of charcoal, as seen on the right panel of Fig. (4).
However, the efficacy rapidly falls and even becomes harmful for flow rates above 15 SLPM, as
seen on the left panel of Fig. (4). Even for an ideal charcoal with zero intrinsic activity, the efficacy
of the trap rapidly falls at flow rates above 3 SLPM.
Note that the efficacy of the trap, ε = 1−Aout/Ain, depends on the input radon activity. Ex-
pressed in terms of Eq. (3.7b), the trap efficacy can be expressed as
ε = 1−Aout/Ain = 1− e−
m
µ − soµ
Ain
(
1− e−mµ
)
=
[
1− soµ
Ain
](
1− e−mµ
)
. (3.8)
Figure (4) uses a value of 20mBq, which is the input radon activity Ain into the RRS expected for
the LZ detector. The relevant parameter for the efficacy of a RRS is the ratio of the specific activity
of the charcoal and the input radon activity, present in the efficacy definition as (soµ/Ain). Note
that the efficacy of a given adsorptive trap increases for an increasing input radon activity. This
makes the technique particularly well-suited for radon reduction from radon-rich environments.
Figure (5) explores trap efficacy for a specific activity fixed at 0.5mBq/kg as a function of
flow rate of the carrier gas, for a range of charcoal masses between 5− 100kg. For flow rates
below 15 SLPM, where radon contribution from the charcoal is smaller than radon reduction due
to adsorption, a greater mass of charcoal results in a higher efficacy, as shown in the right panel.
The inflection point in the left panel occurs at a flow rate where the radon contribution from
the charcoal compensates the reduction due to adsorption. At this critical flow rate, which is about
15 SLPM for an input activity of 20mBq and a specific radon activity of 0.5mBq/kg, the ratio
soµ/Ain is unity, the exponential terms in Eq. (3.7b) cancel, and the efficacy of the trap becomes
– 7 –
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Figure 5. Left panel: efficacy of a charcoal single trap with dynamic adsorption coefficient of ka =
3,000 l/kg (at 190K), intrinsic radon activity so = 0.5mBq/kg and a total inlet radon activity of Ain = 20mBq
as a function of the flow rate of the carrier gas. The various curves represent efficacies for different masses
of charcoal. The solid red curve corresponds to 10kg mass as in the LZ iRRS. Right panel: zooms in to flow
rates below 10 SLPM.
zero. Above this flow rate, the efficacy becomes negative indicating that the radon reduction system
becomes harmful and introduces more radon atoms to the detector than it removes.
The right panel of Fig. (5) shows that for the given characteristic parameters of the charcoal
(such as so and ka), the efficacy of 50kg and 100kg traps are very similar at flow rates below
10 SLPM. This indicates that for a given specific activity and adsorptive property of a charcoal
there is an effective mass above which the efficacy of the trap is not improved significantly, as long
as the flow rates are small enough such that the radon contributions from the trap are not dominant.
For flow rates below the critical value, the maximal efficacy of a trap is obtain from the limit
of m→ ∞ and is expressed as
εmax = 1− (Aout)m→∞/Ain = 1− soµAin = 1− (so/Ain)( f τ/ka). (3.9)
which leads to the expression for the trap efficacy of
ε = εmax
(
1− e−mµ ). (3.10)
Figure (6) shows the dependence of εmax as a function of flow rate, for specific charcoal activities
in the range of 0.001− 0.5mBq/kg. It turns out that for a single-trap RRS to be effective at flow
rates close to the nominal LZ main circulation flow rate of 500 SLPM, adsorbents with intrinsic
radon activity of 10µBq/kg or lower are necessary. The lowest commercially available activated
charcoal is O(0.5) mBq/kg [2], about two orders of magnitude greater than what is needed.
For flow rates below the critical flow rate, the efficacy of the trap increases with increasing
charcoal mass, and it rapidly approaches its maximal value. Figure (7) shows the efficacy of a
single trap as a function of charcoal mass for a fixed intrinsic radon activity of 0.5mBq/kg, and
a constant total input radon activity of 20mBq in a range of 0.5− 20 SLPM flow rates of the
carrier gas. As expected, at a flow rate of 15 SLPM, the efficacy of the trap is independent of the
mass of charcoal in the trap and is always zero. Furthermore, above some effective charcoal mass
– 8 –
10 1 100 101 102 103 104
Flow Rate (SLPM)
0.2
0.0
0.2
0.4
0.6
0.8
1.0
M
ax
 R
ed
uc
tio
n 
E
ffi
ca
cy
So = 0.001 mBq/kg
So = 0.01 mBq/kg
So = 0.1 mBq/kg
So = 0.5 mBq/kg
Figure 6. Maximum achievable radon reduction of a single-trap in the main circulation loop of a TPC detec-
tor as a function of the circulation flow rate. A dynamic adsorption coefficient of charcoal ka = 3,000 l/kg
(at 190 K) and a total inlet radon activity Ain = 20mBq is assumed. The various curves represent differ-
ent intrinsic radon activities of charcoal. The solid red curve corresponds to the intrinsic radon activity of
Saratech charcoal used in the LZ iRRS.
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Figure 7. Efficacy of single column charcoal trap with dynamic adsorption constant ka = 3,000 l/kg (at 190
K), intrinsic radon activity so = 0.5mBq/kg, and a total inlet radon activity of Ain = 20mBq as a function of
the charcoal mass. The various curves represent different flow rates and their corresponding characteristic
masses µ . The solid red curve corresponds to the nominal 0.5 SLPM flow rate through the LZ iRRS.
(approximately 4µ), the increase in the efficacy is asymptotically small. Assuming a fixed total
input radon activity of 20mBq, at the nominal LZ iRRS flow rate of 0.5 SLPM (red solid curve),
the effective mass of the the trap is slightly over 7kg of charcoal, where it reaches its maximum
efficacy of over 95%. Similarly at higher flow rates, yet less than 15 SLPM, maximum efficacy is
reached with charcoal masses ranging from 10−100kg.
4. Swing Adsorption for Radon Reduction
Vacuum swing adsorption (VSA) systems have been developed for radon reduction in clean rooms
for flow rates of order 1,000 SLPM. This is in contrast to single-trap radon reduction systems whose
performance is set by the steady-state radon output, which limits the flow rate. VSA systems are
– 9 –
based on multi-trap systems — typically consisting of two charcoal columns — where the flow
direction of the carrier gas is switched between the columns.
A schematic view of a VSA system for radon reduction in air is presented in Fig. (8). Ambient
air is fed into column 1 (here the feed column) for a time much shorter than the time required for
radon atoms to transit the column, while column 2 (here the purge column) is purged with a small
stream of radon-reduced air from the outlet end of column 13 to flush the radon atoms out. At
the end of this cycle, column 2 has been regenerated and is ready to be fed with outside air, while
column 1 has accumulated radon and is ready to be purged. With the beginning of the next cycle,
the outside air is directed into column 2 (now the feed column), while column 1 (now the purge
column) is purged. By the end of the second cycle, each column has gone through one feed and
one purge cycle. The time required to complete these two cycles is typically called a swing-cycle
period.
PUMP	
PUMP	
INLET OUTLET 
Rn	reduced	carrier	gas	
Rn	enhanced	carrier	gas	
fout 
fpurge 
Col 1 
Col 2 
Figure 8. A schematic view of a VSA system for radon reduction in air. Flow of the input air is alternated
between columns 1 and 2 to prevent radon escaping from the outlet ends of the columns. While one column
is fed with air, the other is purged with a small stream of radon-reduced air. The shades of blue indicate the
radon concentrations in the two columns, the red arrows indicate the flow of the input gas, the green arrows
indicate the flow of the radon-reduced output gas, and blue arrows indicate the pump-out flow.
By switching a given flow between the two columns, each column may be much smaller than
the column in a single-trap RRS. Unlike in single-trap reduction systems, where radon atoms are
retained in the charcoal for many lifetimes, in a swing system they are flushed out of the system
before most have a chance to decay. Additionally, unlike single-trap reduction systems, which are
typically cooled down to cryogenic temperatures, VSA systems are shown to reach high efficacy
even at room temperature. Over the past decade, VSA technology has been improved to reach radon
reduction efficacy in air of greater than 99.9% [5, 6]. For an inlet radon activity of about 80Bq/m3,
reduction factors of greater than 1,000 were achieved, reducing the clean room radon activity down
below the sensitivity of the RAD7 measurement device, with an upper limit of 0.067Bq/m3 [6].
4.1 Feasibility of Swing Adsorption RRS for Xenon
Considering the great success of VSA systems for radon-reduced clean rooms, we will now explore
the viability of such a system for full scale radon reduction in a rare-event TPC detector, taking into
account some distinct differences.
3Typically approximately 10% of the radon-reduced air emerging from the outlet of the feed column is used for
purging the radon-enhanced column while a vacuum pump maintains the column pressure around 10 mBar.
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Since the radon content introduced to a VSA system due to the intrinsic activity of charcoal
is typically much smaller than that in atmospheric air, it is mostly ignored in VSA systems used
for radon reduction in clean rooms. Conversely, in a liquid xenon dark matter detector with a
radon content as low as 1 atom/kg of xenon, the introduction of a charcoal trap could very well
introduce more radon than it removes. For simplicity, we will start with ignoring intrinsic activity
(Sec. 4.1.1), and then study the impact of non-zero intrinsic activity on VSA systems (Sec. 4.1.3).
Furthermore, in contrast to air purification systems, where the purged air is released back
into the atmosphere, xenon is expensive, and needs to be captured and returned to the purification
system, as shown schematically in Fig. (9). Therefore, rather than pumping and releasing the xenon
gas into atmosphere, the radon-rich purge gas has to be returned to the inlet of the swing system.
In such a system, the radon atoms become effectively trapped and accumulate in the feedback
loop. Accumulation of radon atoms in the feedback loop continues until it is balanced by the decay
of the radon atoms and steady state is reached. Note that such a system conveniently provides a
mechanism for radon atoms to decay outside of the TPC detector.
Because of the cyclic nature of the swing system, its columns never reach steady state. The full
modeling of the system is therefore more involved and must track radon concentrations throughout
each column and propagate them over time. The exact behavior will depend strongly on the choice
of charcoal [2], the geometry of the columns, the pumping speed of the system, and other system-
dependent properties. While this system-dependent modeling is beyond the scope of this work,
models prepared for other systems have shown that radon appearing at the VSA output is primarily
due to the long diffusive tail of the radon front as it propagates through the charcoal [4]. Thus, the
remanent fraction of the VSA will depend on the elution curve of radon in the trap as well relative
values of the cycle time and the trap breakthrough time. For simplicity, we fold this into a single
constant remanent fraction for the feed column when modeling the performance of the VSA.
feed	column	
purge	column	
VSA 
INLET OUTLET 
Figure 9. A schematic view of a VSA system with a feedback loop for radon reduction in xenon. Flow of
the input xenon is alternated between the two columns, but unlike in a radon reduction system for air, where
the purged air is released back into the atmosphere, the purged xenon is returned through a feedback loop to
the inlet of the VSA.
4.1.1 Swing Adsorption RRS with Feedback Loop and zero Intrinsic Activity
In order to evaluate steady state conditions for a VSA system with a feedback loop, let us consider
the dynamics of radon atoms in a single cycle. For simplicity, and to compare with radon reduction
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systems in clean rooms, we will start with ignoring intrinsic radon activity. Let us consider the
situation where some radon atoms entering at the inlet are allowed to escape the VSA system.
In this specific model the feed column remanent fraction, η f eed , represents the fraction of input
radon atoms being trapped in the feed column of the VSA. After the nth feed of the VSA,
(Nout)n = (Nin)n(1−η f eed) fout , (4.1a)
and
(Nin)n+1 = Ndet +(Nin)n(1−η f eed) fpurge +(Nloop)n, (4.1b)
where Nout is the number of radon atoms that emerge from the VSA and make it back to the TPC
detector; Nin is the number of radon atoms that enter the feed column, which contains both the
constant supply from the detector Ndet , as well as the radon atoms from the feedback loop; fout is
the fraction of the radon-reduced carrier gas that flows out of the feed column and back to the TPC
detector; fpurge = 1− fout is the fraction of the radon-reduced carrier gas that is used for purging
the radon-enhanced purge column; and Tf eed is the time that a VSA column is in the feed stage,
which must be less than the breakthrough time, tb, of the column to avoid radon atoms starting to
escape from that column.
The first term in Eq. (4.1b) represents the constant radon input from the detector. The second
term represents the radon atoms that escaped the feed column and are reintroduced into the purge
column by the purging process. The third term in Eq. (4.1b),
(Nloop)n = (Nin)nη f eede−
Tf eed
τ , (4.2)
represents the radon atoms that were trapped in the VSA columns and returned to the VSA inlet
through the feedback loop. Specifically, it is the number of radon atoms that did not decay in the
column during the feed stage. Radon breakthrough time in the feed column is about an order of
magnitude greater compared to the breakthrough time in the purge column. The mass flow rate of
the purge flow is (1/10) of the feed flow, but the purge pressure is (1/100) of the feed pressure,
resulting into a 10 times larger volumetric flow rate ( f ∝ Pϕ), where ϕ is the mass flow rate, f
is the volumetric flow rate and P is the pressure) [4]. Thus the breakthrough time of the purge
column is (1/10) of the feed column. Therefore, the decay of radon atoms in the purge column is
neglected.
As an example, the left panel of Fig. (10) illustrates that the steady state fraction of radon
atoms escaping a feed column, rss = (Nout)ss/Ndet , with remanent fraction of 99%4 that uses a 10%
purge flow fraction, varies between 0.7 and 0.1 with feed cycle times between 30min and 600min,
respectively. The right panel of Fig. (10) demonstrates that up to 300 feed cycles are necessary to
reach steady state (with rss = 0.55) for feed cycle times of 60min.5 Although not explicitly shown
here, fewer feed cycles are needed to reach steady state as the feed cycle times get longer.
4For a feed column with remanent fraction of 99% , 1% of the radon atoms entering the trap are allowed to escape it,
while the other 99% remain in the trap.
5For a VSA column of mass m = 90kg, adsorption coefficient ka = 500 l/kg, and flow rate of f = 500 SLPM, the
breakthrough time tb = kam/ f is 90min. The feed cycle time of the VSA column is chosen to be Tf eed = tb/1.5 = 60min
to avoid leakage of radon atoms from the VSA columns. The factor of 1.5 appears sufficient for Saratech charcoal [2],
and 60min is typical for radon-reduction clean room VSA systems [6].
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Figure 10. Dynamics of radon atoms in a VSA system with a feedback loop for η f eed = 0.99, charcoal mass
m = 90kg, adsorption coefficient ka = 500 l/kg, and flow rate f = 500 SLPM, operated at room temperature.
Left panel: steady state fraction of radon atoms escaping the VSA versus feed time for xenon purification.
The fraction drops exponentially over a large variation of feed cycle times. Right panel: fraction of radon
atoms escaping the trap versus the number of feed cycles for a feed cycle time of 60min, as indicated with
the dashed lines in the left panel. It takes about 300 feed cycles to approach steady state (rss = 0.55) in the
VSA, assuming a constant influx of radon atoms from the TPC detector.
Figure (10) has shown that in order to increase steady state radon reduction efficacy in a VSA
system, defined as εRRS = 1− rss, one can increase the feed cycle time. This requires very large
charcoal columns, since the breakthrough time, which must be larger than the feed cycle time,
grows linearly with charcoal mass. This is exacerbated in xenon-based TPC detectors, since the
radon adsorption coefficient ka in xenon carrier gas (500 l/kg) is about ten times smaller [2] than
in air or even in argon carrier gas (5,400 l/kg). This does not only increase the cost associated
with the increased trap size, but also the amount of xenon stored in the charcoal, which is about
0.4kg/kg at room temperature [2], and can become a significant fraction of the entire xenon mass.
Note, the assumption of a feed column with remanent fraction 99% may be optimistic. Relax-
ing that number to a conservative value of 90% will reduce the steady state RRS radon reduction
efficacy from 45% to 7%.
4.1.2 Adding a cold single trap to the Feedback Loop
An improvement is to integrate a single-trap RRS, which is preferably cooled, in the feedback loop
of the VSA system, shown schematically in Fig. (11), such that the radon-enhanced gas from the
purge column passes through the single-trap RRS before it is fed back into the inlet of the VSA.
Such a trap provides a space for radon atoms to decay before being returned to the VSA. In such
a system, only a small fraction (say 10%) of the entire carrier gas circulation volume has to pass
through the single-trap RRS. In addition, we will show that this trap can have a relatively low
efficacy while still significantly improving the performance of the system.
The addition of a single-trap in the VSA feedback loop can be implemented in the radon
dynamics model with a small modification in Eq. (4.1b), so that
(Nin)n+1 = Ndet +(1− εst)
[
(Nin)n(1−η f eed) fpurge +(Nloop)n
]
, (4.3)
where εst is the efficacy of the single trap and Nloop is defined by Eq. (4.2).
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Single-Trap 
Cold 
Figure 11. A schematic of a VSA system with a single, cold trap in the feedback loop for radon reduction
in xenon. The cold trap greatly enhances the efficacy of the VSA system.
A map of the RRS efficacy as a function of single-trap efficacy and feed column remanent
fraction is shown in Fig. (12). It shows that the feed column remanent fraction needs to be 90%
or higher, while the single-trap efficacy needs to be at least 10% to reach a RRS efficacy of at
least 50%. For illustration purposes, let us consider an example that integrates a single-trap with
an efficacy of only 10% in the feedback loop of a VSA with a feed column remanent fraction of
90%, shown as white dashed lines Fig. (12). A steady state RRS efficacy of 52% is reached, which
corresponds to an improvement of about a factor of 5 over a VSA system without a single-trap of
modest efficacy.
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Figure 12. Radon reduction efficacy as a function of single-trap efficacy and VSA feed column remanent
fraction. The white point indicates about 52% radon reduction efficacy as a result of a single-trap with 10%
efficacy in the feedback loop of a feed column with remanent fraction of 99%.
Based on Eq. (2.9) in Sec. (2), radon reduction within a TPC detector, such as LZ, can be
computed for a given efficacy of the RRS. For the 52% efficacy considered in the example, the
radon reduction efficacy within LZ is calculated to be 55%, which is approaching the maximal
70% achievable with a perfect RRS system. The steady state radon reduction performance within
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the TPC detector with a swing adsorption system in the main circulation path, as a function of
radon fraction escaping the single trap (1− εst) and radon fraction escaping the VSA (1−η f eed) is
shown in Fig. (13).
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Figure 13. Radon reduction within a TPC detector, such as LZ (εT PC) with a single-trap swing adsorption
RRS in the main circulation path of a VSA system as a function of both the radon fraction escaping the
single-trap (1− εst ) and the feed column (1−η f eed). The red point indicates about 55% radon reduction in
the TPC detector with a RRS of 52% efficacy.
Thus it appears that introducing a single trap, even with modest efficacy, in the feedback loop
of a VSA system seems feasible, if the intrinsic radon activity of the activated charcoal can be
ignored. Details for how to design a single trap with 10% efficacy in a feedback loop are discussed
in Appendix A.
4.1.3 Swing Adsorption RRS with non-zero Intrinsic Activity
Radon levels desired in a dark matter detector are about 5 orders of magnitude lower (O(1−
2)µBq/kg) than those required in radon-reduced clean-rooms (O(100)mBq/kg). It is therefore
not realistic to assume that the intrinsic activity of the charcoal can be ignored. In Eqs. (4.1a) and
(4.3), which describe the evolution of radon counts in an adsorption swing system, Nin and Nout
correspond to the radon input and output in a single feed cycle. Thus we need to find the number
of radon atoms introduced to the VSA due to emanation from the charcoal in a feed cycle. The
total radon activity of a trap, Atrap, with breakthrough time tb, is given by Eq. (3.6), which is the
steady state radon contribution taking into account self adsorption of radon atoms that have been
emanated deeper in the trap. However the number of radon atoms introduced to the VSA by the
trap is not a steady state contribution since the flow through a VSA column is not continuous. The
radon contribution from the trap in a feed cycle can be expressed as
(Ntrap) f eed =
∫ Tf eed
0
dt
∫ tb
0
dt ′
som
tb
e−
t′
τ H(t− t ′) =
∫ Tf eed
0
dt
∫ t
0
dt ′
som
tb
e−
t′
τ , (4.4)
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where H(t−t ′) is the Heaviside step function, which enables to include only the radon contribution
from the part of the trap that had enough time to reach the outlet. Therefore the trap contribution
in a single feed cycle is obtained from Eq. (4.4) to be
(Ntrap) f eed = τ2
som
tb
[
e−
Tf eed
τ −
(
1− Tf eed
τ
)]
, (4.5)
which can be approximated to
(Ntrap) f eed ≈ som2tb T
2
f eed .
This approximation is valid since the feed cycle time of the VSA is much shorter than the radon
lifetime (Tf eed  τ), and will always over-estimate radon content. Equation (4.5) can be added to
Eqs. (4.1a) and Eq. (4.3) such that
(Nout)n = (Nin)n(1−η f eed) fout +(Ntrap) f eed fout , (4.6a)
and
(Nin)n+1 = Ndet +(1− εst)
[
(Nin)n(1−η f eed) fpurge
+(Nloop)n
+(Ntrap) f eed fpurge +(Ntrap)purge
]
.
(4.6b)
The second term of Eq. (4.6a), (Ntrap) f eed fout , represents the number of radon atoms emanated
from the charcoal in the feed column that flow into the TPC detector. In the last line of Eq. (4.6b),
(Ntrap) f eed fpurge represents the radon contribution introduced by the purge flow which originated
in the feed column, and (Ntrap)purge represents the radon contribution from the purge column. By
design, the purge column has about an order of magnitude shorter breakthrough time compared to
the feed column as discussed in Sec. 4.1.1, which leads to less self adsorption of emanated radon
atoms during the purge process, thus increases its radon contribution due to emanation. Therefore,
the contribution from the feed column is much smaller than the contribution from the purge column.
Let us continue with the example illustrated in Sec. 4.1.1, where we integrated a single-trap of
0.1 efficacy in the feedback loop of a VSA with a feed column that has 0.9 remanent fraction. As
mentioned earlier, in our model the intrinsic activity of the VSA columns is treated separately and
the parameter η f eed does not take into account the non-zero radon activity introduced by charcoal.
However we can now estimate the total efficacy of the RRS considering non-zero intrinsic charcoal
activity. The number of input radon atoms in one feed cycle time is (Ndet) f eed = ρXe sXe f Tf eedτ =
(0.356mBq/ f eed)τ , assuming a radon activity sXe of 2µBq/kg in xenon, a xenon density of ρXe =
5.86g/l, and a flow rate of f = 500 SLPM.
The left panel of Fig. (14) shows that charcoal with specific activity near so = 0.03mBq/kg or
less is needed to achieve a radon reduction efficacy of 40% for an inlet radon activity of 2µBq/kg.
This is about a factor of ten lower than the activities of currently available adsorbents. Note that
if the inlet radon activity is higher, the RRS will have higher efficacy. This is illustrated in the
left panel of Fig. (14) with the orange dotted curve for sXe = 5µBq/kg, where the RRS efficacy
is about 48% for a specific activity near so = 0.03mBq/kg. This is close to the highest efficacy
(52%) achievable with negligible intrinsic charcoal activity. The right panel of Fig. (14) shows
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Figure 14. Left panel: Swing adsorption RRS efficacy as a function of specific charcoal activity for the
example considered in Sec. 4.1.1. That system integrates a single-trap of efficacy εst = 0.1 in the feedback
loop of a VSA with η f eed = 0.9 feed column. The blue solid curve is for inlet radon activity of 2µBq/kg,
and the orange dotted curve is for inlet radon activity of sXe of 5µBq/kg. The red dashed lines are explained
in the text. Right panel: radon reduction efficacy in LZ as a function of RRS efficacy that is in the main
circulation path.
radon reduction efficacy in LZ as a function of the efficacy of a RRS on the main circulation path.
As seen, a RRS with 40% efficacy would result in almost a factor of 2 radon reduction in LZ.
4.1.4 Operating a cold VSA
So far, VSA operation has only been considered at room temperature (ie. 295K). However, because
the adsorption coefficient of charcoal increases with decreasing temperature following the Arrhe-
nius Law [2], cooling the VSA down to 190K shows considerable promise. As shown in Fig. (15),
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Figure 15. Efficacy of a swing adsorption RRS as a function of specific charcoal activity for an inlet radon
activity of 2µBq/kg for the specific example considered in Sec. 4.1.1. That system integrates a εst = 0.1
efficacy single-trap in the feedback loop of a VSA with remanent fraction η f eed = 0.9. The blue solid curve
represents the efficacy of the RRS when the VSA is cooled down to 190K and the dashed orange curve is at
VSA operational temperature of 295K.
the efficacy of the cooled VSA system becomes comparable to that of a VSA system operated at
room temperature, but with significant relaxation on the demand for intrinsic charcoal activity. In
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fact, the demand relaxes by almost an order of magnitude, which may be in reach by the time future
generation experiments can be realized [10].
Specifically, at room temperature, a trap with 90kg of charcoal and an adsorption coefficient
ka of 500 l/kg has a breakthrough time of 90min, while at 190K the adsorption coefficient is
ka = 3,000 l/kg [2]. For a breakthrough time of 90min, the six times larger adsorption coefficient
allows the mass to be 15kg instead of 90kg, significantly reducing the radon contribution from
emanation from the trap. The efficacy of such an RRS with a single-trap in the feedback loop
and an inlet radon activity of 2µBq/kg becomes about 40% for an intrinsic charcoal activity of
0.2mBq/kg. This is only a factor of 2.5 lower than that of Saratech, the charcoal used in the LZ
iRRS. This is in stark contrast to a VSA operated at room temperature which would be harmful
(i.e. introduces more radon than it removes) for the same charcoal.
5. Conclusion
Radon and its daughters constitute the most significant backgrounds in rare event searches since
they are continuously resupplied from detector materials. Although radon screening of every single
detector component is vital to reach high sensitivity for dark matter detection, it is not sufficient.
Further mitigation strategies are required that include both, in-situ hardware radon reduction and
background discrimination in the analysis of the data.
The performance of charcoal-based radon reduction systems has been explored. For illustra-
tion purposes, references to the LZ detector have been made, but the general arguments and obser-
vations are not limited to one specific dark matter experiment. In-line radon reduction systems in
auxiliary circulation loops, as employed in the LZ experiment, reduce radon-rich gaseous xenon
from the warm components of the detector before they return radon-reduced xenon back to the main
circulation loop. This single, charcoal-based, adsorption trap approach is effective for slow circu-
lation flow rates, but breaks down at high circulation flow rates, which are required to purify entire
volumes of ton scale or larger noble-liquid detectors. It is found that scaling up charcoal-based
single-trap radon reduction systems, to make them viable at the circulation flow rates of multi-ton
TPC detectors, is impractical even if radon emanation from charcoal is negligible.
Vacuum swing adsorption systems, which have shown great success at reducing atmospheric
radon levels in clean-rooms, have clear advantages over single-trap systems. They need to be
modified so that they can capture and return the noble carrier gases to the purification system
through a gas feedback loop rather than releasing them into the atmosphere. The drawback of
such systems is that the radon atoms become effectively trapped and can lead to many-fold higher
radon concentrations in the feedback circulation loop. This can be ameliorated by introducing a
modest cold single-trap into the feedback loop. It allows the radon atoms to accumulate and decay
in the single trap, rather than in the charcoal columns of the swing adsorption system, where some
fraction can escape and be reintroduced into the TPC detector. It is found that for a VSA system
with a feed column of 0.9 remanent fraction, introduction of even a 0.1 efficacy single trap in the
feedback loop improves the overall radon reduction efficacy from about 7% to over 50% (intrinsic
activity of charcoal is ignored in this example).
While this is encouraging, it needs to be pointed out that VSA systems too are limited by
the intrinsic radon activity of their charcoal adsorbent, particularly if they are operated at room
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temperature. Under these circumstances, adsorbents with about a factor of ten lower intrinsic radon
activity than in currently available activated charcoals are required to build effective vacuum swing
adsorption systems for rare event search experiments. If such VSA systems are instead cooled
to about 190K, this factor drops from 10 to about 2.5, which may be in reach by the time future
generation experiments can be realized. Other options, not pursued here, might include radon
purification in the liquid phase.
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A. A closer look at the single-trap in the Feedback Loop
The example of a VSA system with 90% remanent fraction, discussed in Sec. 4.1.2, included a
cold, single-trap in the feedback loop. It was assumed that this single trap had a modest efficacy of
10%, and that it could support a 50 SLPM flow rate in the feedback loop. It is important to note,
however, that the efficacy of a single-trap depends on several parameters, which include not only
the flow rate of the carrier gas, but also the specific activity of the charcoal used in the trap, and the
radon activity at the input of the trap. These parameters have been explored in Sec. 3 to determine
the efficacy of a standalone single-trap RRS. To estimate the efficacy of a single-trap in a VSA sys-
tem, Eq. (3.7a) in Sec. 3 needs to be modified to account for the input and output radon activities
in a single feed cycle. Therefore, the total trap contribution Atrap from the charcoal, introduced in
the second term in Eq. (3.7a), needs to be reduced to the contribution in a single feed cycle (given
by Eq. (4.4)) according to
(Atrap) f eed =
(Ntrap) f eed
τ
=
Tf eed Atrap
τ
. (A.1)
After this modification, the efficacy of a single trap, εst = 1−(Aout/Ain) f eed , can be calculated from
(Aout) f eed = (Ain) f eed e
−mkaf τ +(Atrap) f eed , (A.2)
and Eq. (4.4) such that,
(Aout) f eed = (Ain) f eed e
−mkaf τ +
Tf eed
τ
[
so f
τ
ka
(
1− e−mkaf τ
)]
. (A.3)
The right panel of Figure (16) shows the efficacy of a single-trap (ka = 3,000 l/kg at 190K) for
a range of intrinsic charcoal activities at a fixed flow rate of 50 SLPM. The radon activity into the
single trap was computed according to Eq. (4.6b) as Ain = 3.0mBq at steady state (shown in left
panel), taking into account that the radon concentration in the VSA feedback loop is the same as
the input radon activity into the single trap. As seen in the right panel of Fig. (16), about 14kg
of charcoal with an intrinsic activity of so = 0.1mBq/kg is needed to reach a 10% efficacy. It
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Figure 16. Left panel: Evolution of radon activity in the VSA feedback loop as a function of feed cycles.
Steady state is reached after about 30 feed cycles, with an activity of 3.0mBq per feed cycle, which is
8.5 times greater than the radon activity provided by the TPC detector. Right panel: Radon reduction
efficacy of single-traps with dynamic adsorption coefficients of ka = 3,000 l/kg and an inlet radon activity
of Ain = 3.0mBq are shown as a function of charcoal mass for various intrinsic radon activities. The black
dashed black lines indicate that about 14kg of so = 0.1mBq/kg charcoal will give a single-trap with 0.1
efficacy in the feedback loop of the swing system.
is interesting to note though that a 10% single-trap efficacy for the same parameters can also be
achieved with about 23kg of currently available Saratech charcoal (with so = 0.5mBq/kg). A
general feature of a RRS efficacy is that the higher the single-trap efficacy the fewer feed cycles
are needed to reach steady state, while the higher the feed column efficacy the larger the number of
feed cycles are needed.
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